The ability to assess wood quality using longitudinal compression strength U(S) of plugs removed from along the length of a tree stem was assessed in ponderosa pine damaged to varying degrees 4 years earlier in a prescribed burn. LCS has been used elsewhere to estimate residual strength of utility poles and might be a simple method for assessing wood quality in standing trees. The degree of stem char on fire-killed trees had a significant effect on [CS values. LCS values of plugs from charred portions of fire-killed ponderosa pines were greater than those from uncharred portions of fire-killed ponderosa pine trees. LCS might he a useful tool for forest managers assessing the remaining flexural properties of standing dead limber after fires.
F
ire is a critical clement in many western forests, and its suppression has led to dramatic changes in forest composition and resiliency (Agee 1993 , Fitzgerald 2002 . Decades of fire suppression have resulted in overstocked stands containing many less lire-resistant species. Unless managed or restored to their preEuropean settlement characteristics, these stands will eventually experience stand-replacement fires as evidenced b y the recent largescale forest fires across the western region (Mutch et al. 1993 , Fiedler 1996 . As a result of wildfire in the West, there are a growing number of dead and decadent trees that become structurally unsound and pose safety hazards along forest roads and recreation areas (Toupin and Barger 2005) .
Although large-scale, stand-replacing fires have many negative aspects, they present a number of opportunities for both forest managers and wood products companies. Management objectives for burned stands may include salvaging some portion of the residual stand to produce wood products or leaving standing dead trees to benefit cavity-nesting birds. In both instances, the relative quality of the wood is an important factor. Fire-killed trees become heavily colonized by insects (Furniss and Carolin 1977) , stain fungi, and decay fungi (Eslyn and Highley 1976 ) that all reduce the value of the resulting lumber. This deterioration also has implications for suitability of the material as wildlife habitat. Invading insects make lire-killed timber especially attractive for many foraging birds, particularly woodpeckers (Bull et al. 1997) , while decay fungi soften the wood, making it easier for birds to excavate nesting cavities (Bull et al. 1997) . Eventually, however, decay proceeds to the degree the tree is no longer suitable for nesting, falls to the ground, and may cause injuries or property damage. The rate of deterioration is a function of the natural durability of the wood species, the degree to which the fire damaged the wood, the organisms involved, and the environReceived June 1, 2007; accepted March 20, 2008. mental conditions after tree death. Understanding how these factors interact to influence the rate of decay that would be useful for both wildlife biologists wanting to know how long a dead tree will serve as nesting habitat as well as forest managers seeking to understand how long a tree can remain standing after death and still produce marketable products.
Although full-scale tests of trees in various stages of decay after fire would he useful for developing this information, the number of tests required would be daunting, and they would still not allow managers to interpolate results from one stand to another. Likewise, tests on small clear samples cut from the same trees would provide information on wood quality, but the results would be stand specific and the process of cutting beams for these tests is time-consuming and costly. Developing a simple method for assessing wood quality of dead-standing timber would allow forest managers to better track the decay process in fire-killed stands, allowing them to improve management decisions.
There are a variety of nondestructive and semidestructive methods for assessing wood quality including pin-penetration devices that assess wood density, acoustic devices that monitor time-offlight of a sound wave, and magnetic resonance imaging techniques (Taylor 1981 , Cown and Hutchinson 1983 , Ross and Pellerin 1991 , Andrews 2002 , but none of these tools has proven to be effective for assessing residual quality of deteriorating timber.
One possible approach to this problem is the use of longitudinal compression strength (LCS) tests on small plugs taken from various locations along the tree, concentrating closest to the ground where conditions are usually most suitable for decay. The plugs are placed into a specially designed jig and are compressed to a given level of deformation (usually 5%). The load required to achieve this compression is used as a measure of residual strength. Laboratory trials of Michael Kangas (;sichael.kangas(andsu.edu) hhL wood exposed to decay fungi showed that LCS was a reasonable predictor of bending strength of small clear-wood samples (Smith and Morrell 1987) . Field tests of plugs cut from full-length western redcedar (Thuja plicata) poles showed that LCS was closely correlated to modulus of rupture as determined in full-scale bending tests (Smith and Morrell 1989) . LCS might be similarly useful for field assessment of wood quality in fire-killed trees because plugs could he taken with a portable drill, and a compression tester could be easily adapted for field applications. This would allow a manager to assess the actual condition of trees in a stand. In this report, we describe the use of LCS as a tool for assessing the condition of ponderosa pine (I'inusponderosa) trees killed in a controlled burn.
Materials and Methods
The swdy area was located in the Burns Ranger District of the Malheur National Forest in eastern Oregon (latitude, 43°54'N; longitude, 1 18°45'W; Thies et al. 2005) . Plots (blocks) consisted of four mixed-age ponderosa pine stands that were designated for controlled burning. All stands were similar in age (80-100 years old), aspect (SW), elevation (1,700 m), and mean annual precipitation (380 mm/year). After burning in June 1998, six 0.2-ha circular plots were randomly selected in each treatment plot to monitor tree mortality and posthre effects. All trees with more than 15-cm dbh in each plot were surveyed in September 1998 for tree height, dbh, mortality, and stem-char height. Plots were then reassessed at the end of the next growing season for tree mortality.
Four fire-killed ponderosa pine snags representing tree mortality in the 2 postfire years (1998 and 1999) were selected at random from each block to assess wood condition. The selected snags were felled in 2001. All felled snags were at least 15-cm dbh and had been left standing for 3 or 4 years after death in 1997-1998 (4 snags X 2 categories of time since death )< 4 blocks = 32 total snags). Four additional live trees from unburned plots were sampled for comparison purposes.
The degree of wood deterioration in the snags was assessed by removing 100-mm-thick disks at the base, 3 and 6 m aboveground level. The wood disks were conditioned to constant weight at 23'C and 65% relative humidity, and then 25.4-mm long X 9.5-mm diameter (grain direction) plugs were extracted from the outer sapwood (0-37.5 mm inward) and inner sapwood (37.5-75 mm inward) at three equidistant locations around the disk. The range in area from which the plugs were taken in the outer and inner sapwood was necessary because of splitting and flaking that sometimes affected portions of the longer plugs. Plugs were saturated in water, cooled for 24 hours, and then tested for LCS (Smith and Morrell 1987) . Briefly, plugs were placed into a specially constructed metal jig and oriented so that the longitudinal axis of the wood was oriented parallel to the loading direction (Figure 1 ). Plugs were then compressed parallel to the grain direction at a rate of 0.1 mm/minute. Plug compression was monitored, and the load required to compress the plugs 5% of the original dimension was recorded. Because all samples had the same surface area exposed to loading and were compressed to the same percentage of their length, LCS values were expressed as newtons (N) The 1.CS data were subjected to an analysis of variance in a randomized complete block design. Means from the outer and inner sapwood were examined against time since tree death (3 years versus 4 years), bark condition (charred versus uncharted), and height on the snag (base or 3 or 6 m; SAS Institute 2003). 
Results and Discussion
As might he expected for a wood property, LCS values varied widely among wood samples extracted from live and fire-killed trees (Table 1) . Average LCS values for plugs extracted from the outer sapwood of unburned live trees ranged from 369 to 765 N, and there appeared to he no consistent effect of distance inward from the bark or height aboveground.
Neither height on the tree nor time since death significantly influenced kCS values of samples extracted from the outer (P = 0.91 and 0.37, respectively) or inner sapwood (P = 0.20 and 0.34, respectively). The presence of charring did not significantly affect LCS values for the inner sapwood, but LCS values were significantly higher for samples extracted from the outer sapwood of charred trees.
LCS values in the outer sapwood were significantly higher in samples removed from charred pines 3 or 4 years after tree death (P = 0.006 and 0.014, respectively). Mean LCS values were 583 N for plugs taken from charred portions and 448 N for those from uncharted portions of pines killed 4 years earlier (Table 1) . Mean LCS values were 516 and 470 N for plugs taken from charred and uncharted portions of pines killed 3 years earlier, respectively. LCS values for plugs extracted from charred portions of fire-killed trees tended to he similar to or even greater than those found in live trees, suggesting that the wood had changed little in these zones over the 4-year period since tree death.
The significant effect of stern char on LCS (P = 0.05), coupled with the lack of effect of time since tree death oil in the outer or inner sapwood, suggests that stem charring slows the rate of decay. This effect may result from internal responses by the tree after injuties sustained during the fire. in most cases, tree death is not instantaneous, and the tree has the opportunity to respond to the injury, possibly allowing for resin production that limits growth of invading organisms (Nebeker et al. 1993 Filip et al. 2007 ). Resin may also Slow moisture uptake, creating conditions that are less suitable for fungal attack. Heating may also alter the nutritional value of the wood beneath by altering starches and other carbohydrates stored in the ray cells or affect the wood/moisture conditions. The result of either change would be an altered microenvironment that might affect subsequent microbial colonization. Fire-induced injuries have been shown to induce such responses (Gara et al. 1986 ), and it is often difficult to isolate decay fungi from wood samples taken immediately beneath fire scars on lodgepole pine (P/ntis contorta; l.ittke and Gara 1986). Similarly, red pine (P/ntis resinosa) fire scars are generally associated with heavy resin production that may limit fungal invasion and deterioration (Santaro et al. 2001 ). This effect would be limited to the fire-affected zone; wood above this level would still be subjected to the normal deterioration processes. Thus, fire scarring may prolong the period when trees remain standing, but they will not slow biodetcrioration processes above that zone. As a result, insects and decay fungi can continue to invade higher up the tree, creating conditions that are attractive for foraging woodpeckers and other birds. Thus, fire regimes that produce higher stem charring may be advantageous for prolonging the useful life of nesting snags, although this process may also increase overall tree mortality in the stand. Additional studies oil trees would be needed to better understand the possible implications of this change in fire management strategy.
105 appears to be a simple, useful method for assessing residual wood properties in dead standing timber. In practice, the land manager could survey the quality of wood in a stand by removing plugs from trees in varying states of deterioration. The plugs could be soaked in water and tested on site or returned to a facility where more controlled testing could be performed. The results could be used as a relative guide to tree condition, and these values could be used by wildlife managers to assess remaining useful snag life or by wood-products specialists to assess the remaining material properties of the trees. The degree of variability noted in our tests suggests the need for additional studies to establish the minimum number of samples required to accurately assess tree condition in a given stand.
Conclusions
The abundance of large-scale, stand-replacing wildfires in western North America has produced a surplus of fire-killed trees with varying degrees of stem charring. Salvage logging of burned stands maybe desired in some situations; however, the value of such operations is influenced by the reduction of wood quality over time. Our results show that the rate of wood deterioration is greater in uncharred sections of fire-killed pines in comparison with wood extracted from charred sections. As such, the amount of recoverable wood may persist longer in fire-killed pines that sustained severe stem charring in comparison with those that sustained lower levels of stem charring. LCS appears to be a useful measure of wood condition ill fire-killed ponderosa pine and may he also useful for utilization of these materials.
